Abstract-Frequency domain multiplexing (FDM) is a useful for making multiple measurements simultaneously, such as in optical and electromagnetic position trackers. Much interference is periodic (e.g., AC power harmonics), and is rejected well by FDM, but impulse disturbances are also common. Impulses corrupt the entire spectrum for a short period, and are better rejected in the time domain. Nonlinear blanking is a simple way to suppress impulses, but cannot be easily realized when the required dynamic range is large, and problematic noise may be far smaller than the signal. The described multi-rate Kalman filter upsamples the prediction to the input rate so that impulse departures from the predicted signal are easily detected and blanked out. Also, noise levels in unused adjacent channels are used to estimate measurement noise so that the Kalman filter adapts more slowly when noise is high, keeping output noise roughly constant even in the presence of longer noise bursts.
INTRODUCTION
Although first used for communications, modulation finds frequent use in measurement. Often we would like to measure all the way down to DC, yet offset, drift, and 1/ noise make this difficult. In lock-in amplification we modulate our measurand to relocate our noise bandwidth away from DC, which is beneficial even when there is no external interference. Modulation becomes particularly valuable when multiple measurements must be taken using a shared medium (multiplexing).
Two common modulations are pulse and sinusoidal, corresponding to time-domain and frequency-domain multiplexing (TDM and FDM) . If the measurement principle does not suggest one or the other (e.g., pulse modulation for time-of-flight ranging), then the choice may seem arbitrary. Yet when noise rejection is considered, the question becomes how to locate the signal in time or frequency to maximize SNR. The balance tips toward the frequency domain when the noise is colored and is therefore somewhat predictable in the frequency domain. Whatever modulation we choose, some sorts of noise will confound us. Much noise is largely continuous, so it cannot be evaded in the time domain. In the frequency domain the corresponding bad case is an impulse, which is very short, but splatters across the entire spectrum. Such impulses are common in the hospital environment [1] , [2] .
Electromagnetic trackers (EMTs) measure the six-degreeof-freedom position and orientation, or pose, of a freely moving object, and are often used for motion tracking of surgical instruments [3] . In comparison to optical trackers, the main advantage of the EMT is that its low-frequency ( < 10 kHz ) magnetic fields do not interact with non-metallic materials such as biological tissue, so it does not require a sight line between the source and sensor [4] . Many arrangements of electromagnet sources and passive sensors provide enough information to solve for the pose, but most common is to have a fixed three-axis source and a moving three-axis sensor.
Of EMTs currently available, some use pulse modulation with DC-responding fluxgate sensors, others sine modulation with inductive sensors. AC power magnetic fields (50-60 Hz) are ubiquitous, with intensity that drops roughly linearly with increasing frequency. This creates electromagnetic interference (EMI) in EMTs, so they often incorporate power-frequency notch filters. Because their noise bandwidth includes the power frequency, pulse-modulated EMTs are noticeably more susceptible to power EMI.
As well as the intentional AC modulation, power systems also have considerable impulse activity created by power switching. Hum filters cannot help with this, but in existing trackers the effect is somewhat mitigated by low output bandwidth. Our group is developing a high-speed EMT, the InLoop Electromagnetic Tracker (ILEMT), for use as a feedback sensor in handheld robotic instruments that actively cancel hand tremor during microsurgery. The goal is to achieve 1-µm resolution over a 100-mm workspace with latency less than 1.5 ms and measurement bandwidth greater than 300 Hz. At this bandwidth impulse noise is more prominent, and could create a jerk in the otherwise stable instrument position, which may be catastrophic during microsurgery. The requirements of closedloop rejection of the tremor disturbance drive the latency requirement, which in turn forces the large bandwidth. Unintentional hand motion has a low-pass roll-off starting below 1 Hz and is typically −60 dB at 40 Hz [5] .
II. FOURIER DEMODULATION
We choose a modulation scheme where the measurement output sample rate is and the input carrier superposition is digitized at . is the oversampling factor (a power of 2); the possible carrier frequencies are , where : 1. . − 1 is the channel number. This insures that the carrier superposition repeats in each block. The Fast Fourier Transform (FFT) is used to simultaneously demodulate all carriers. Because we are interested in the time variation of the carriers, the output that we want is a spectrogram, a time series of spectra. We implement this using the Short Time Fourier Transform (STFT), with a window of size and time step (a windowed overlapped STFT). In the ILEMT prototype, 96000, 64, 1500, 2, with carriers at 7.5, 10 and 13.5 kHz (channels 5, 7, 9). Unused guard channels between carriers improve isolation and allow measurement of EMI during operation.
III. KALMAN DEMODULATOR
The Kalman Filter (KF, Fig. 1 ) acts as a low-pass filter with bandwidth that adapts to the measurement noise and process noise (confidence in the predictions made by our dynamic model). The standard KF uses a linear system model, but nonlinear generalizations such as the extended KF [6] also retain the signal flow of Fig. 1 . We estimate the KF measurement noise (Fig. 1 noise model) by the mean spectral power across the two neighboring guard channels. We have found that this simple noise adaptation suppresses impulse noise quite well even in the standard KF, though at the cost of effectively losing the samples hit by impulses, since when noise is high the KF output relies mainly on the model prediction.
It is common to use a KF to reduce noise in EMT output, located after the demodulator, operating on the output. Fig.  2 is the proposed multi-rate Kalman filter. The data flow is very similar to the standard KF, and the update and prediction equations are identical. The difference is that the demodulator is now inside the KF feedback loop, and the residue is formed at the input rate, where the impulses and the FDM carrier superposition still exist. The demodulator is also unchanged by this rearrangement, though it now demodulates the residue. The main benefit is that the magnitude of the residue is ideally zero, so impulses and other noise are easily detected against this zero baseline, and the effect of any corrupted input samples can be largely eliminated by forcing them to zero. Kalman demodulator operation is illustrated by Figs. 3-4 [7] . The per-channel residues at , updating a bank of Kalman filters that estimate the complex carrier amplitudes. These are used to synthesize an upsampled prediction of the carrier superposition, which is then compared to the input, closing the feedback loop. Each measurement is compared to a prediction based on preceding measurements. The estimate is updated from this residue according to a statistical noise model. Then a dynamic model is used to generate the next prediction from this estimate, closing the feedback loop. The noise model specifies the expected amplitude of measurement and process noise, and can be dynamically adapted according to applicationspecific estimates of the current noise levels.
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Noise model residue amplitude is dominated by broadband noise; because of the 64 oversampling the residue components due to actual motion are normally well below the noise floor. The introduction of impulse blanking into the KF loop does create convergence difficulties because this blanking does not distinguish between impulse noise and large carrier residue. This is repaired by disabling the impulse filter when there is excess carrier residue (see Fig. 5 ). The STFT in Fig. 5 is purely to detect an unlock condition, and is not the same as the 'STFT demod' block in Fig. 2 . This cannot be avoided because the demodulator is downstream of impulse blanking, and will not see any excess carrier if it has already been blanked. Fig. 6(a) shows the broad spectral footprint of an impulse, as seen in the residue. This cannot be rejected by frequency domain filtering because all channels are affected during the sample, including guard channels. With blanking (Fig. 6(b) ), the impulse virtually disappears. Since the guard channel amplitude is now low, the KF processes the sample without reducing bandwidth.
IV. DISCUSSION
We have demonstrated a way to suppress impulse noise within an FDM system, by using simple nonlinear blanking in the time domain, before demodulation. This Kalman Filter architecture also supports noise adaptation to automatically reduce bandwidth during longer noise bursts. These results are from a Labview program running on a laptop which demodulates the signals from a three-axis pickup in real time. 4 . Impulse disturbance in measured distance at 1.5-kHz rate (Fig. 2,  D) . Note the 47x longer time scale. The 114 µs impulse in Fig. 3 has become a 2.7 ms disturbance at the demodulator output. With the Kalman demodulator, effect is at the noise floor.
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Time (s) Fig. 6 . Spectrogram output of demodulated residue at 1.5-kHz rate, with impulse at 5 ms, without impulse blanking (a) and with (b). At 13.5 kHz the impulse increases residue amplitude by over 20 dB, while blanking restores a normal residual spectrum, causing the KF to pass the full bandwidth. 
